Transport of cytoplasmically synthesized precursor proteins into chloroplasts, like the protein transport systems of mitochondria and the endoplasmic reticulum, appears to require the action of molecular chaperones. These molecules are likely to be the sites of the ATP hydrolysis required for precursor proteins to bind to and be translocated across the two membranes of the chloroplast envelope. Over the past decade, several different chaperones have been identified, based mainly on their association with precursor proteins and/or components of the chloroplast import complex, as putative factors mediating chloroplast protein import. These factors include cytoplasmic, chloroplast envelope-associated and stromal members of the Hsp70 family of chaperones, as well as stromal Hsp100 and Hsp60 chaperones and a cytoplasmic 14-3-3 protein. While many of the findings regarding the action of chaperones during chloroplast protein import parallel those seen for mitochondrial and endoplasmic reticulum protein transport, the chloroplast import system also has unique aspects, including its hypothesized use of an Hsp100 chaperone to drive translocation into the organelle interior. Many questions concerning the specific functions of chaperones during protein import into chloroplasts still remain that future studies, both biochemical and genetic, will need to address. ß
Introduction
Plastids import the vast majority of their resident proteins post-translationally from the cytoplasm [15 ] . Most of the knowledge concerning the transport of proteins into plastids has been obtained through experiments with isolated pea chloroplasts, although it is assumed that all types of plastids utilize the same general import apparatus. The import process requires a variety of membrane-bound and soluble factors. Membrane proteins of the chloroplast envelope that mediate import are discussed in an accompanying review by Jarvis and Soll. This review will focus on a major class of soluble factors important in chloroplast protein import, the molecular chaperones.
Chloroplast protein import can be divided into two stages, based on their di¡ering nucleotide triphosphate requirements. The`binding' or`docking' stage of import involves the hydrolysis of low levels (0.1 mM) of ATP in the cytoplasm and/or intermembrane space of the chloroplast envelope [6, 7] . The second stage of import, termed`translocation', requires hydrolysis of high levels ( s 1 mM) of ATP within the plastid stroma in order to fully move a precursor into the organelle interior [8] . It has been suggested that chloroplast protein import should actually be subdivided into three stages: binding, translocation across the outer membrane, and translocation across the inner membrane [9] . Each of these three stages requires ATP hydrolysis, in increasing concentrations as the precursor moves from initial binding to inner membrane translocation [9] . It is probable that molecular chaperones are involved during each of the stages of chloroplast protein import, at the steps where energy in the form of ATP hydrolysis is needed. However, that hypothesis has not yet been proven.
More evidence exists for the role of chaperones during the transport of proteins across the endoplasmic reticulum (ER) membrane and into mitochondria (for recent reviews, see [10^14] ). During mitochondrial protein import, chaperones have been implicated in maintaining precursors in an importcompetent state prior to their transport, in guiding precursors to the membrane-bound import apparatus, in preventing retrograde movement of translocating precursor proteins, in providing the driving force for precursor translocation via ATP hydrolysis, and in refolding proteins once they have been fully imported into the organelle [10, 11, 13, 14] . These functions have also been proposed to be accomplished by molecular chaperones during post-translational import into the ER [10^12]. It is likely that similar functions are mediated by chaperones during chloroplast protein import as well.
One similarity between the chloroplast and mitochondrial protein import processes is that precursors must cross two membranes in order to reach the organelle interior. However, while mitochondria utilize two major energy sources (ATP hydrolysis and an electrical potential (v8)) to accomplish this step [13, 14] , chloroplasts appear to require only ATP hydrolysis as the major energy source driving precursor translocation [8] . This suggests that plastids may have a greater requirement for ATPases, presumably molecular chaperones, than do some other protein import systems. This review will discuss recent e¡orts to identify the chaperones that work during each stage of protein import into chloroplasts. These include soluble factors from the cytoplasm and the plastid stroma as well as chaperones that appear to be peripherally associated with both membranes of the chloroplast envelope (Fig. 1) . While the number of chaperones believed to be involved in chloroplast protein import continues to increase, studies addressing their speci¢c functions during precursor transport are still lacking. Comparisons with the protein targeting systems of other organelles, especially mitochondria, can be useful in developing hypotheses about the roles of chaperones during chloroplast protein import that can Fig. 1 . Current model depicting molecular chaperones predicted to act at each stage of protein import into chloroplasts. Nuclear-encoded chloroplast proteins are initially synthesized in the cytoplasm with a transit peptide that, possibly in conjunction with cytoplasmic Hsp70 and 14-3-3 proteins, targets them to the plastid surface (a). In a process stimulated by GTP, the precursor protein associates with the components of the outer envelope translocon (b), which may include Com70 (70) . Hydrolysis of ATP in the intermembrane space causes the precursor to interact with the components of the inner membrane translocon (c). It is postulated that this step may be assisted by an Hsp70 protein residing in the intermembrane space. The complete translocation of the precursor protein into the chloroplast interior, where the transit peptide is removed, is accomplished via stromal ATP hydrolysis (d), presumably mediated by Hsp93. Finally, chaperones within the chloroplast stroma, including possibly Hsp70 and cpn60, assist the newly imported protein in folding into its native conformation. A more complete model and information concerning the remaining components (Tic110 (110) and unlabeled) shown in this ¢gure can be obtained from a review by Jarvis and Soll in this issue or from Jackson-Constan and Keegstra [30] . OM, outer membrane; IM, inner membrane. then be tested experimentally in order to correct this lack of knowledge.
Interaction of molecular chaperones with transit peptides
Models depicting the process of chloroplast protein import usually show the N-terminal transit peptides of precursors, which target chloroplast proteins to the organelle (reviewed by Bruce in this issue), in direct contact with one or more chaperones [1^5] . Due to the proposed random coil nature of chloroplast transit peptides, it has long been thought that they could act as substrates for the binding of molecular chaperones [15] . Recently, two lines of evidence have been o¡ered in support of this model. First, an analysis of precursor protein sequences by two di¡erent statistical algorithms [16, 17] has revealed that they contain putative high a¤nity binding sites for DnaK, an Escherichia coli heat shock protein (Hsp) 70, within their transit peptides [18, 19] . There is some disparity over whether the highest a¤nity sites may exist within the N-terminal or central domains of most transit peptides, but there is general agreement that over 75% of all plastid precursor proteins contain at least one site predicted to bind DnaK, and most likely homologous plant Hsp70s, within their transit peptides [18, 19] . In addition, it appears that the majority of transit peptides contain at least two predicted mid-to high-a¤nity Hsp70-binding sites [18] . Mitochondrial precursor proteins also have been found to contain possible binding sites for the Hsp70 class of molecular chaperones within their presequences [20] , so this phenomenon may be a general aspect of organellar import.
A second line of evidence supporting an interaction between chaperones and transit peptides comes from experiments describing a direct physical association of Hsp70s and precursor proteins. Two separate groups have published reports demonstrating that DnaK can bind to the transit peptides of two di¡erent chloroplast precursor proteins [18, 19, 21] . Direct binding was observed both in vitro and in E. coli [21] . The addition of ATP to the in vitro binding reaction caused DnaK to release the bound peptide, and mutations that disrupted the predicted chaperone-binding site within the synthetic transit peptide decreased the e¤ciency of the DnaK interaction [19] . Similar experiments done with plant Hsp70 proteins normally found in the cytoplasm [19] or plastid stroma [18] also showed binding between these plant Hsp70s and transit peptide sequences.
These results have several interesting implications. For instance, because the transit peptide is likely the ¢rst part of a precursor protein presented to the import machinery of both the outer and inner envelope membranes, it has been suggested that binding of the transit peptide to a chaperone represents the stage at which precursors become committed to the import pathway [18] . It is also possible that the binding of a cytoplasmic Hsp70 protein to the transit peptide assists in the guidance of a precursor to the chloroplast surface in a`transit peptide-¢rst' manner. Another intriguing proposition stems from the observation that in transit peptides containing two predicted chaperone-binding sites, these sites are separated by approx. 26 amino acids, long enough to have a chaperone-binding site exposed on either side of a lipid bilayer [18] . Thus, a transit peptide may be able to bind multiple chaperones in di¡erent chloroplast subcompartments at one time [18] , assisting in preventing retrograde movements and in driving the translocation process.
One puzzling question that remains is whether mature regions of the precursor protein can also bind Hsp70s or other chaperones. In the one study that addressed this question, no binding of Hsp70s to a mature chloroplast protein was seen unless an Hsp70-binding site was arti¢cially introduced [19] . Current models of chloroplast protein import assume that chaperones driving precursor translocation would do so through repeated cycles of binding and release throughout the length of the protein [2] . Thus, it is uncertain at this time how to resolve that model with these observations, although it is possible that, in vivo, chaperones may bind translocating precursors without the assistance of high-af¢nity binding sites or that chaperones other than Hsp70s are involved in binding the translocating proteins. It is also unclear whether Hsp70s or other chaperones bind to the 25% of transit peptides without detectable Hsp70-binding sites [19] . In addition, it is not known at exactly which stage of the import process interactions between transit peptides and Hsp70s are important or whether binding sites, in either the transit peptide or the mature regions of precursor proteins, exist for other classes of chaperones, such as Hsp100s or Hsp60s. Further experiments will be needed to learn more about these matters.
From the cytoplasm to chloroplasts
Protein import into chloroplasts occurs after precursors have been completely translated in the cytoplasm. Based on what is known from the mitochondrial and ER transport systems, it is likely that newly synthesized, chloroplast-targeted proteins need to be maintained, by molecular chaperones, in an importcompetent, partially unfolded state after emerging from the ribosome [22] . However, there is evidence that supports the conclusion that precursors in a native, enzymatically active form can still be imported into the chloroplast. For example, della-Cioppa and co-workers [23] demonstrated that the precursor form of 5-enolpyruvylshikimate-3-phosphate synthase had enzymatic activity, but was still capable of being imported into chloroplasts. Similarly, it has been shown that a chimeric precursor containing dihydrofolate reductase was properly folded and capable of binding methotrexate, yet was also still able to be imported into chloroplasts [24, 25] . One possible explanation of these results is that the import apparatus of chloroplasts generates su¤cient pulling force that it is capable of causing the unfolding of precursors that have already been folded in the cytoplasm [24, 25] .
Cytoplasmic Hsp70s
Hsp70 proteins, as well as proteins from other chaperone families, are known to interact with nascent chains in order to prevent their aggregation and misfolding [22, 26] . In yeast, it has been observed that precursors targeted to the mitochondria and ER will accumulate in the cytoplasm when a subset of Hsp70 proteins is depleted from the cells [27] . At least 12 Hsp70-related polypeptides have been reported to be expressed when Arabidopsis plants are treated with heat [28] . Within the Arabidopsis genome sequence database, several of these di¡erent Hsp70 homologues can be identi¢ed. Based upon their similarity to known Hsp70 proteins, most can be categorized into the following four groups: (1) eukaryotic cytoplasmic heat shock cognate (Hsc) 70 homologues, (2) mitochondrial Hsp70 homologues, (3) chloroplastic Hsp70 homologues, and (4) homologues to the ERlocalized Hsp70, BiP [29, 30] .
As is the case in other organisms, it is expected that newly synthesized proteins associate with Hsc70-homologous Hsp70 proteins in the plant cytoplasm. Miernyk and co-workers [31] have shown that an Hsp70 protein present in a wheat germ cell-free translation system can associate with newly synthesized proteins in an ATP-dependent manner. May and Soll [32] have reported that the precursor to the small subunit of Rubisco (prSS) can associate with Hsp70s in either the rabbit reticulocyte lysate or wheat germ translation systems. In addition, it has been reported that the e¤ciency of import into chloroplasts of the precursor to the light harvesting chlorophyll a/b-binding protein (prLHCP) was signi¢-cantly increased when leaf extract was added to the import assay [33] . A puri¢ed Hsp70 protein also stimulated precursor import, although not to the same extent as when leaf extract was used [33] . Based on these results, Waegemann and colleagues [33] hypothesized that Hsp70 is at least one of the cytosolic factors involved in maintaining the import competence of prLHCP. On the other hand, import of prSS and the precursor to ferredoxin (prFd) was not stimulated by the addition of plant extract to the import assay [34, 35] . Because the mature forms of SS and Fd are both soluble proteins, it is possible that factors within the translation systems themselves are enough to maintain these precursors in an import-competent state, without the need for additional factors to stimulate import. For the import of an integral membrane protein like LHCP, however, these additional factors may be more important.
14-3-3 proteins
Recent studies have implicated 14-3-3 proteins as molecular chaperones interacting with precursor proteins destined for either chloroplasts or mitochondria [32, 36] . 14-3-3 proteins are found throughout eukaryotic phylogenies [37] . Their major known function is in cellular regulation, via an interaction with a variety of proteins at a phosphoserine or phosphothreonine residue [37, 38] . 14-3-3 proteins can be found in diverse subcellular locations, including the cytoplasm [37] , the plasma membrane [39] , the nucleus [40] , the inner membrane of mitochondria [41] , and the chloroplast stroma [42] .
Mitochondrial import stimulating factor (MSF) is a 14-3-3 protein that interacts with a subset of precursor proteins destined for the mitochondria, possibly in a targeting sequence-dependent manner [36, 43] . MSF directs these precursor proteins to the Tom70^Tom37 receptor complex on the surface of the mitochondrial outer membrane to form a tetrameric MSF^precursor^Tom70^Tom37 complex [44] . MSF is released from this precursor^receptor complex upon the addition of ATP [44, 45] . Once MSF is released, precursors are transferred to a second outer membrane-localized receptor complex, Tom20T om22 [44] . Another subset of precursor proteins is targeted to the outer mitochondrial membrane via a di¡erent pathway, mediated through an association with an Hsp70 protein [45] . These precursors apparently bypass the Tom70^Tom37 receptor complex and are directly targeted to the Tom20^Tom22 complex [44, 45] .
Soll and his colleagues [5, 32, 46] have put forward a somewhat di¡erent model regarding the possible role of 14-3-3 proteins during chloroplast protein import. Their model proposes that: (1) after synthesis, chloroplast precursor proteins are phosphorylated by a kinase; (2) a phosphorylated precursor forms a complex with a 14-3-3 protein, an Hsp70, and possibly additional, unidenti¢ed factors; (3) this complex is targeted to the appropriate receptor of the chloroplast outer envelope membrane; and (4) precursor translocation through the envelope membranes is initiated via dephosphorylation of the precursor by a phosphatase. In support of this model, it has been shown that a 14-3-3 protein in the wheat germ translation system can co-immunoprecipitate two di¡erent chloroplast precursor proteins in a transit peptide-dependent manner [32] . Interactions between precursor proteins and the 14-3-3 protein were observed only when the transit peptides of the precursors were phosphorylated on a serine residue contained within their predicted 14-3-3-binding motif [32] .
Because MSF, the mitochondrial 14-3-3 protein, can recognize unphosphorylated precursors [47] while the presumed chloroplastic 14-3-3 chaperone does not [32] , this model may provide one hypothesis to explain the regulation process by which precursors are directed to the correct organelle in plant cells. In order to test this hypothesis, it would be useful to study precursor proteins that normally can be imported into both chloroplasts and mitochondria, such as glutathione reductase [48] or ferrochelatase I [49] . Both of these proteins have a putative 14-3-3 protein-binding motif in their targeting sequences. When these proteins are destined for chloroplasts, a putative targeting sequence-dependent kinase may phosphorylate the precursors, allowing them to associate with the chloroplast targeting-speci¢c 14-3-3 protein. In the absence of phosphorylation, however, the model predicts that these precursors would be targeted to the mitochondria with the assistance of MSF, which can recognize unphosphorylated precursor proteins [47] .
Not all chloroplast-targeted precursor proteins have a predicted 14-3-3 protein-binding motif. In fact, the same precursor from di¡erent species may di¡er in the presence or absence of the motif. One example of this is seen for prSS. In the experiments on which the model described above is based, only prSS from tobacco, which has this motif, was used. However, prSS from soybean, pea, and wheat does not have a serine (or a threonine) at the presumed phosphorylation site. Mutant precursors without a serine or threonine at this position cannot be phosphorylated, nor are they able to form a complex with the 14-3-3 protein [32, 46] . However, they still can be imported into isolated chloroplasts [46] , as can prSS from soybean, pea, and wheat. Thus, it is unclear whether phosphorylation of precursor proteins and the interaction between phosphorylated precursors and 14-3-3 proteins are signi¢cant in the chloroplast import process, although it is also possible that there are di¡erent interaction sites present in precursors that do not have the predicted 14-3-3-binding motif or that the in vivo situation di¡ers from the in vitro one.
Because not all precursors have a predicted 14-3-3-binding motif, then, as is the case with mitochondrial protein import, there may be additional factors that guide precursors to the organelle surface. It is known that there are at least three putative outer membrane import receptors in Arabidopsis chloroplasts: Toc159, Toc132, and Toc120 [50] . It will be interesting to learn whether 14-3-3 protein-dependent and 14-3-3 protein-independent pathways have preferred receptors in chloroplasts as they do in mitochondria.
Other cytoplasmic factors
During mitochondrial protein import, cytoplasmic Hsp40 proteins are thought to assist Hsp70s in targeting precursors to the organelle [51, 52] . In addition, Hsp70 proteins are known to interact with both Hsp104 and Hsp40 proteins in yeast cytoplasm [53] . Cytoplasmically localized homologues of these molecular chaperones are also present in plants [29] , so it is possible that they may associate with chloroplast precursor proteins in conjunction with plant Hsp70s. Other cytoplasmic factors, including`targeting factor' [54] and presequence-binding factor [55] , have also been found to interact with precursor proteins during transport to mitochondria. Plant homologues of these factors may be involved in protein targeting to chloroplasts as well.
4. Chaperones at the chloroplast outer envelope membrane
The role of lipids
One important, but often overlooked, subject is the role of lipids during precursor import. A more extensive discussion of the function of lipids during plastid protein transport is available in a review by Bruce in this issue. Lipids can sometimes assist with the insertion of integral membrane proteins. For example, lactose permease (LacY) was found to be misfolded in the membrane of an E. coli mutant that lacked the lipid phosphatidylethanolamine (PE) [56] . The binding of lipids to particular regions of unfolded proteins appears to prevent their misfolding and aggregation [57] .
One attractive hypothesis is that transit peptides may interact with lipids during targeting to the chloroplast surface. The transit peptides of Fd and SS have been shown to interact with the chloroplast lipids sulfoquinovosyldiacylglycerol (SQDQ), phosphatidylglycerol (PG), and monogalactosyldiacylglycerol (MGDG) [58^61]. In addition, SQDQ, PG, and the non-chloroplast lipid PE can interact with the N-terminal portion of the targeting signal of Toc75, a component of the outer membrane import complex [62] . Interactions between transit peptides and these lipids may a¡ect the structure of the mature portions of precursor proteins.
Two Hsp70 proteins associated with the outer envelope membrane
Two Hsp70 proteins localized at the outer envelope membrane of pea chloroplasts have been reported to be involved in protein import. One of them, chloroplast outer membrane protein 70 (Com70), is exposed on the cytoplasmic side of the membrane [63] . The other, Hsp70-import associated protein (described below), faces the intermembrane space between the outer and inner envelope membranes [64, 65] .
Com70 is a eukaryotic cytoplasmic Hsc70 homologue, ¢rst isolated in plants from chloroplast envelope membranes [63] . Using chemical cross-linking methods, Com70 was found to associate with a translocating precursor protein [66] . Because Com70 was found to associate with precursors at the earliest stage of import [67] , it was suggested that Com70 might function to maintain precursor proteins in an unfolded state during translocation, to prevent the release of translocating precursor proteins from the envelope, and/or to insert them further into the outer envelope membrane [67] . It should be noted that some controversy stills exists concerning whether this protein is a chloroplast outer membrane (Com) factor, calling into question the putative assignment of Com70 as a member of the chloroplast outer membrane import complex.
A second Hsp70 protein, distinct from Com70, has also been found in association with the outer envelope membrane of pea chloroplasts [64] . This Hsp70 was not degraded when isolated chloroplasts were treated with thermolysin [64, 65] . Because thermolysin cannot penetrate the outer envelope membrane and thus degrades only surface-exposed proteins [68] , it was concluded that this outer membrane-bound Hsp70 is exposed to the intermembrane space (IMS) of the chloroplast envelope [64, 65] . Subse-quent studies identifying proteins associated with a translocating precursor protein showed that this IMS-localized chaperone was a component of the pea import complex [65] . This Hsp70 protein was co-immunoprecipitated with prSS at the earliest stages of the import process [65] . Partial amino acid sequencing of this protein indicated that it was similar, but not identical, to previously characterized Hsp70s [65] .
Several possible roles for this IMS-localized Hsp70, termed Hsp70-import associated protein (IAP), during import have been hypothesized, although there are few data available to support any of them. Along with Com70, Hsp70-IAP may be involved in unfolding translocating precursors [1, 2, 4, 69] . As discussed earlier, chloroplasts can import highly folded proteins [23^25]. These two chaperones, one on either side of the outer envelope membrane, may account for this ability, which appears to be weaker in mitochondria [70, 71] . Another possible role for Hsp70-IAP may be to bind the transit peptide as it emerges from the outer membrane translocon, acting as an additional recognition site and preventing the backwards movement of the precursor [22, 64, 65] . In this way, the chloroplastic Hsp70-IAP would be playing a similar role to that accomplished by the intermembrane space acidic receptors (i.e. Tom22) during mitochondrial protein import, ensuring`one way' transport of the incoming protein across the outer envelope membrane [22, 72] . Hsp70-IAP may also assist in guiding precursors from the outer membrane translocon to the protein channel of the inner envelope membrane. Finally, Hsp70-IAP might act as the ATPase for translocation across the outer envelope membrane [2, 3, 69] . Experiments indicating that outer membrane translocation can be separated from either initial precursor binding or translocation across the inner envelope membrane suggest that the outer membrane may have its own translocation motor [9] , a role for which Hsp70-IAP is the best candidate. Hsp70s as translocation motors have precedence in both the ER and mitochondrial import systems [10, 11, 14] .
Regardless of the actual function of Hsp70-IAP, it is likely that this chaperone mediates the requirement for ATP hydrolysis within the IMS observed during the early stages of precursor protein transport [6, 7] . Attempts to learn more about the role of Hsp70-IAP during the import process are currently hindered by the fact that the gene encoding this protein has not been identi¢ed, despite the fact that the protein was ¢rst observed over a decade ago [64] . The recent completion of the Arabidopsis genome sequencing project has made the entire complement of Hsp70 sequences in that species now available. However, e¡orts to determine, through an analysis of transit peptide sequence, which of the many putative Hsp70 isoforms might be localized in the chloroplast IMS, and thus be candidates for Hsp70-IAP, have not been successful [30] . Further research on Hsp70-IAP, therefore, awaits identi¢cation of its gene.
Stromal molecular chaperones

Hsp93
The major factors driving translocation in the ER and mitochondrial protein transport systems are Hsp70s, which through ATP hydrolysis move translocating precursor proteins into the organelle interior [10, 11, 14] . Thus, it was believed that an Hsp70 molecule would also be found to drive protein translocation into chloroplasts. However, when isolated import complexes from pea chloroplasts were probed for the presence of stromal molecular chaperones, a member of the Hsp100 family of chaperones was found instead [73^75]. This protein, which has two ATP-binding domains (Fig. 2) [76] , is known as Hsp93, re£ecting its calculated molecular mass of 93 kDa for the mature form of the protein, and formerly was known as ClpC. Hsp93 was found to be a component of import complexes regardless of [76] . These ATP-binding domains are depicted as black boxes. Taller boxes indicate the Walker A (A1, A2) and Walker B (B1.1, B1.2, B2) nucleotide-binding motifs contained within these regions (for more information, see [76] ). This ¢gure is adapted from one previously published by Schirmer and colleagues [76] .
whether precursor proteins were present ( [74, 75] ; M. Akita and K. Keegstra, manuscript in preparation). While the majority of Hsp93 molecules are found in soluble form in the chloroplast stroma, a signi¢cant proportion of this protein is found associated with the inner envelope membrane, presumably through its interaction with the import complex ( [77, 78] ; M. Akita and K. Keegstra, manuscript in preparation). A similar situation is known to exist for the mitochondrial Hsp70 protein, which is mostly soluble in the matrix, but can be found in a membrane-associated form via an interaction with the inner membrane import complex component, Tim44 [14] .
Several lines of evidence indicate that the association of Hsp93 with isolated import complexes is relevant to the process of precursor transport. First, Hsp93 co-immunoprecipitated prSS only under conditions that supported either binding or translocation of the precursor [74] . Secondly, Hsp93 was able to co-immunoprecipitate several precursor proteins that utilize the general import apparatus of the chloroplast envelope but not plastid proteins that do not use this import machinery [74] . The association of Hsp93 with prSS was disrupted by the addition of ATP, but not GTP, to the import reactions [74] . Because Hsp100 chaperones interact with their substrates in an ATP-sensitive fashion [79, 80] , this ATP dependence indicates that the association between Hsp93 and prSS is physiologically relevant [74] . Finally, the interaction between Hsp93 and prSS decreased with time during an import reaction [74] . This indicates that prSS proteins associated with Hsp93 were functional import intermediates [74] .
These results suggest that Hsp93 is a bona ¢de component of the import complex in pea chloroplasts [73^75]. In addition, it is the major stromal chaperone found in import complexes during all stages of precursor transport [74] . Thus, it is currently the leading candidate to bind precursor proteins as they enter the chloroplast stoma, preventing their backwards movement, and to act as the translocation motor for precursor protein translocation, presumably through the hydrolysis of stromal ATP [8] . This distinguishes the chloroplast import system from the ER and mitochondrial protein import machineries, which both utilize Hsp70s for these functions [12^14]. In the bacterial protein export system, the energy for protein translocation is provided by SecA [81] , a protein that has some features in common with Hsp93 (M. Akita and K. Keegstra, manuscript in preparation). Thus, Hsp93, and perhaps the entire chloroplast import machinery, may be more similar in function, but working in the opposite direction, to the bacterial export system than to either the ER or mitochondrial import systems. Current work on Hsp93 is attempting to con¢rm these hypotheses via both biochemical and genetic strategies (M. Akita and K. Keegstra, manuscript in preparation).
Stromal Hsp70s
While Hsp93 appears to be the major stromal molecular chaperone found in isolated import complexes, pea chloroplasts also have at least two stromal Hsp70s [64] . An analysis of the Arabidopsis genome sequence suggests that this species also has at least two Hsp70 proteins within the stroma of its plastids [30] . The role of one of the two pea isoforms, S78 or CSS1, during chloroplast protein import has been studied in some detail. This protein bound the transit peptide of prSS in a manner similar to that seen for DnaK, as described above [18] . In addition, S78 was co-immunoprecipitated with prSS under conditions that stimulated binding and translocation of the precursor [74] . This association, like the interaction between Hsp93 and prSS, decreased with time during an import reaction, suggesting that the precursor was part of a functional import intermediate [74] .
These results suggest that S78 is part of the import complex in pea chloroplasts. However, several other lines of evidence argue against this conclusion. First, when import complexes were solubilized in mild detergent prior to immunoprecipitation, S78 was no longer found in association with translocating prSS [74] . In addition, when import complexes were isolated via chemical cross-linking methods, S78 was not found in association with either prSS or other transport complex components [73] . Finally, S78 did not co-sediment in linear sucrose gradients with either prSS or various import complex components following detergent solubilization of pea chloroplasts [74] . In all of these situations, however, Hsp93 was still found in association with the import complex [73, 74] .
Thus, it is not clear whether S78, or the other stromal Hsp70 in pea chloroplasts, either associates with the import complex or acts as the translocation motor, as had been predicted by analogy to the mitochondrial and ER transport systems. Because Tic40, an import component of the inner envelope membrane, is homologous to Hsp70 interacting protein (Hip), it is possible that Hsp70 proteins are recruited to the site of precursor import [82] . If these Hsp70s are not acting as the translocation motor, as their equivocal association with the import complex would suggest, what other possible roles could they be playing in the import process? Hsp70 proteins may be involved at a slightly later stage in import than is Hsp93, perhaps working to refold proteins as they emerge from the translocation channel [5] . Tsugeki and Nishimura [83] have reported a transient, ATP-dependent association of the stromal Hsp70 of pumpkin, and chaperonin 60 (described below), with newly imported ferredoxin NADP reductase, as would be expected if these chaperones were assisting the protein with its folding. In mitochondrial protein import, the matrix hsp70 is believed to act both as the translocation motor and as the mediator of precursor refolding [13, 14] . It is possible that these two functions are divided between two di¡erent chaperones, Hsp93 and S78, in the chloroplast system [2] .
Another possibility for S78 function is in guiding precursor proteins with a thylakoid-targeting signal to this chloroplast subcompartment [64, 84] . It has been suggested that some proteins destined for the thylakoid may need to be maintained in an importcompetent, unfolded state prior to their translocation across or into the thylakoid membrane [64] . S78 or other soluble, stromal molecular chaperones may perform this function in the chloroplast. Further experiments will need to be done to determine whether any of these hypotheses for the function of stromal Hsp70s are relevant to the in vivo situation.
cpn60
One additional stromal molecular chaperone has been found in isolated import complexes under certain conditions. This protein is chaperonin (cpn) 60, a member of the Hsp60 family of chaperones and a homologue of the bacterial chaperone GroEL [29] . Cpn60 has long been known to be required for the folding and assembly of several chloroplast proteins [85] . The ¢rst indication that it might be involved in precursor import as well came from the observation that cpn60 could form a complex with several newly imported proteins [83, 86] . Further support for this hypothesis was reported in a study by Kessler and Blobel [87] , which found cpn60 as the major protein immunoprecipitated by Tic110, a component of the inner membrane import apparatus. The interaction of Tic110 with cpn60 was unrelated to the folding state of Tic110 and could be disrupted by the addition of ATP [87] . The mature form of SS (mSS) associated with the Tic110^cpn60 complex in a transient, ATP-sensitive manner, as would be expected if cpn60 was interacting with mSS to assist in its proper folding [87] . The Tic110^cpn60 complex was concentrated in the vicinity of contact sites formed between the outer and inner membranes of the chloroplast envelope, which are presumed to be the sites of active precursor protein import [75] . This is in contrast to the association seen between Tic110 and Hsp93, which is not dependent on contact site formation [74, 75] . Thus, it is believed that cpn60 has only an indirect role in chloroplast protein import, assisting in folding proteins as they emerge from the translocation channel [75] . In this model, Tic110 helps to recruit the chaperone to the site of active protein import [87] .
Other stromal factors
Chloroplasts contain a variety of other proteins, including Hsp40s, Hsp10s, and GrpEs, which can act as co-chaperones for Hsp70s and Hsp60s [29, 88] . It is possible that these other factors are also involved in precursor protein import, either by assisting in the folding of newly imported proteins or by acting as co-chaperones with the factors described above. In addition, there is a 14-3-3 protein present in the chloroplast stroma [42] . This 14-3-3 protein has been found in association with the thylakoid-localized N-subunit of photosystem I in a targeting signal-dependent manner [42] . The function of this interaction, however, has yet to be established.
Conclusions
It has been suggested that at least three ATPases are required for the import of precursor proteins into the chloroplast interior: one for initial precursor binding, one for translocation across the outer envelope membrane, and one to drive translocation across the inner envelope membrane [9] . At the binding stage, ATP may be required for the transfer of the incoming precursor from cytoplasmic partners to the import complex of the chloroplast outer membrane [89] . This energy requirement could be mediated by either cytoplasmic factors, such as Hsp70 and/or 14-3-3 protein, or by the envelope-bound Com70 chaperone [32, 63, 89] . There is also a requirement for GTP hydrolysis at this stage, presumably mediated by the two GTP-binding components of the outer membrane import complex [7, 90, 91] . It is possible that the ATP-and GTP-mediated steps work together to regulate the process of precursor recognition and binding. It has been hypothesized that at least a portion of the precursor protein, most likely the transit peptide, has crossed the outer envelope membrane by the end of the binding stage of import [74] . Thus, it is also possible that the ATPase needed for precursor binding is Hsp70-IAP, localized in the envelope IMS. Hsp70-IAP is also the most likely candidate to be the ATPase mediating outer membrane translocation. Inner membrane translocation could then be accomplished via the ATP-hydrolyzing ability of Hsp93 [73, 74] , although other stromal molecular chaperones, including an Hsp70 homologue, could possibly be functioning at this stage. After the three ATPases have mediated the import process, other stromal chaperones would then be involved in folding and assembling the protein into its native form and, in some cases, possibly guiding it to the thylakoid membrane for additional intraorganellar targeting. Other scenarios are also possible, including ones in which the same chaperone is involved in more than one step, such as Hsp70-IAP being involved in simultaneously unfolding an incoming precursor and driving its translocation across the outer membrane, or in which chaperones are involved in the regulation of components of the membrane-bound translocon. Experiments addressing the individual functions of each of these chaperones in more detail will be needed to re¢ne this model further.
Regardless of which chaperones are necessary at each individual stage, the overall picture that is emerging suggests that the process of protein import into chloroplasts can be thought of as a`pathway of chaperones'. Precursor proteins are`passed' from cytoplasmic factors, including chaperones, that guide the precursor to the chloroplast surface to chaperones associated with the outer envelope membrane to ones bound to the inner envelope membrane to stromal factors that assist the protein in attaining its native conformation. The random coil nature of transit peptides may allow them to interact with multiple chaperones in succession [15] , supporting this hypothesis. The various stages of import would be accomplished via conformational changes in the chaperones themselves that are brought about by ATP binding and hydrolysis [92, 93] . Translocation would be driven by repeated cycles of binding and release of chaperones with the incoming precursor protein, triggered by the ATP/ADP status of the molecular chaperones [2] .
Many aspects of the above model are similar to the well-studied import systems of mitochondria and the ER. In both of these organelles, precursor translocation is also accomplished, at least to some extent, by an ATP-hydrolyzing, peripherally attached chaperone, although the molecular mechanism (i.e.`trapping' or`pulling') by which chaperones mediate translocation in these systems is still under debate [10, 11, 14] . In addition, mitochondrial precursors are also thought to interact with Hsp70 proteins via binding sites in their presequences and with 14-3-3 proteins in a manner analogous to that suggested for chloroplast precursors [20, 36, 43] .
One aspect of chaperone function in which chloroplasts appear to be unique is their predicted use of an Hsp100 protein rather than an Hsp70 protein to drive translocation into the organelle interior. In both the ER and mitochondria, Hsp70 proteins are thought to assist in`pulling in' incoming precursors [10, 11, 14] . However, most of the evidence for the chloroplast import system currently points to Hsp93, rather than one of the stromal Hsp70s, as accomplishing this task [73^75] . Besides this di¡er-ence, more chaperones seem to be involved during chloroplast protein import than in either of the other two systems, perhaps because ATP hydrolysis is the only energy source driving import across the two membranes of the chloroplast envelope [8] . In ER precursor transport, only one chaperone, BiP or Kar2p, has been found to play a role [12] . In the mitochondrial import system, chaperones are needed both in the cytoplasm to guide precursors to the outer membrane and in the matrix to drive translocation [13] . Within chloroplast import complexes, however, two additional chaperones have been found in association with the outer envelope membrane [63^66]. Apparently, there is a need for chaperone function during a step at this membrane that is either not required or is mediated by a non-chaperone factor at the mitochondrial outer membrane.
Despite the large number of chaperones that have been found to associate with precursors during chloroplast protein import, the functions of these proteins during the import process have not been conclusively established. Currently, it has not even been experimentally determined whether these (or other) chaperones actually mediate the ATP requirements of chloroplast protein import. Consequently, ongoing studies likely will focus less on identi¢cation of additional chaperone components and more on a study of their individual functions during import. Although most of the work discussed in this review was done through biochemical studies in pea chloroplasts, efforts in several laboratories are now underway to also address these questions genetically in Arabidopsis. In conjunction with continuing investigations on the functions of the non-chaperone import complex components, these studies should continue to provide a clearer model describing the process of precursor protein import into chloroplasts.
